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30 R&D FOR MANAGING PLANT AGING

Degradation of materialsin reactor plant structures and components caused by radiation, high
temperatures, high pressure cyclic stresses, and a relatively corrosive environment costs utilities
that operate light water reactors (LWRsS) hundreds of millions of dollars each year. Not only
does this degradation increase current operating costs significantly, but, if not managed
effectively, material degradation could force the an economic decision to not invest in license
renewal for some plants or could prevent cost-effective plant operations to the end of a renewed
license term.

For example, one pressurized water reactor (PWR) plant (Trojan) was shut down in part because
of the cost of replacing its steam generators (SG), which were damaged by stress corrosion
cracking (SCC). Steam Generator replacement cost was a contributing factor to the decision to
shut down the Zion plants. SG replacements are expensive, on the order of $150 million per
PWR unit plus the cost of replacement power. As of June 2000, twenty-five PWR plantsin the
U.S. had replaced their original SGs. For those SGs that do not yet require replacement, repair
and inspection as well as operating restrictions in place to lengthen the life of steam generators
are significant economic burdens. As another example, extensive cracking has occurred in the
core shrouds that surround many of the boiling water reactor (BWR) cores. R&D has already
provided many solutions and management strategies for these phenomena. Mechanical
clamping systems have been devised to repair core shroud components, but SCC of reactor
internals exposed to high radiation (irradiation-assisted SCC — |ASCC) continues to be an
expensive problem for BWRs. Also, theirradiation of LWR reactor pressure vessels (RPVS) that
occurs during reactor operation reduces the ductility of the vessels. Such irradiation
embrittlement leads to operational restrictions that can adversely affect the efficiency and life of
aplant and its ability to remain economically competitive. In one case, a decision to
permanently shut down areactor (Y ankee Rowe) was strongly influenced by questions about
RPV embrittlement and its impact on plant economics. The programs that monitor the degree of
embrittlement of the RPVs at al nuclear plants in order to ensure that they have adequate
ductility are expensive.

Material degradation management for operating reactors requires the ability to predict the rate of
degradation as well as the ability to assess the condition of the materials and hence the
operability of the affected structures and components. The accuracy and reliability of these
assessments control the degree of conservatism that must be assumed in assessing the effects of
the degradation and resultant costs. For example, some types of SG tubing defects can be
characterized using current nondestructive examination (NDE) techniques and NRC permits
continued operation with these safe, characterized defects. When defects cannot be characterized
as safe (e.g., by NDE or evauation limitations), the only two options (both expensive) are to
remove affected tubes from service by plugging or repair; for example, by sleeving. Similarly,
no NDE technique is accepted generically by the NRC to directly assess the degree of
embrittlement of RPVs. Assessments currently rely on empirically developed generic
correlations (i.e., based on Charpy V-notch tests) that can be highly conservative when applied to
specific plants. New assessment technologies under devel opment such as the Master Curve
approach show excellent promise in providing direct measurement of RPV embrittlement, but
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more work is needed to reduce uncertainties. Even with the conservative analyses of the old
methods, only afew U.S. reactor pressure vessels will face regulatory limitations prior to the end
of their current license periods. Master Curve technology promises to resolve RPV issues for al
US RPV s through a renewed license term.

Research is needed to understand, characterize, and manage service induced degradation of
RPVs, reactor internals, SG tubes, primary system piping, electric cables, and safety-related
structures. Technology development needs to be focused on timely detection, mitigation, and
prevention of significant long-term effects of aging such as stress corrosion cracking, irradiation
assisted stress corrosion cracking, reduction in fracture toughness due to neutron irradiation,
thermal embrittlement of cast austenitic stainless stels, piping fatigue, and structure degradation.
A research program to address environmental degradation of reactor components, systems, and
structures would be a multi-year program involving laboratory tests, component inspections, and
technology demonstrations.

This Joint R&D Plan element complements other industry and government R& D activities, and
is being conducted in close coordination with other organizations such as NRC. Industry-
sponsored work is primarily focused on short-term solutions. The ongoing confirmatory
research by NRC focuses on issues related to safety. NRC must be assured that assessments of
degraded components by the industry are sufficiently conservative to provide adequate safety
margins. Said another way, NRC research seeks to characterize the magnitude of the
uncertainties involved in the assessment of degraded components, but is not responsible for
directly developing technology to reduce these uncertainties. Tight budgets and restricted
missions permit relatively little development of base technologies by NRC. For example, the
work sponsored by NRC on the NDE of degraded steam generators focuses on the assessment of
the capabilities of the current NDE technologies. The development of improved NDE
technologies, described in this plan element, is outside the scope of the NRC research
responsibilities. Because of its unique facilities and capabilities, DOE is in the best position to
address many of the difficult technology issues that involve long-term, high-risk issues. Industry
complements DOE capabilities with its knowledge of current plant issues and assistsin

devel oping solutions to both short and long-term issues of material degradation.

The research technology areas discussed below are organized by major reactor plant system
component. For each major critical component the plan (1) identifies the relevant aging
degradation mechanisms and discusses the issues associated with continued safe and economic
operation of that component; (2) summarizes the current research and development activities;
and, (3) identifies the research needs that remain to be addressed. VVolume Il provides
descriptions of the medium and high priority tasks that have been identified to address the
research needs and which require attention in the near-term. Major critical components
discussed are reactor pressure vessels; reactor pressure vessel internals, PWR steam generators;
reactor coolant system piping, pumps, and valves; electric cables; and structures. Research needs
that are not component-specific are aso discussed.
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3.1 Steam Generators

Steam generators have historically been the single set of components most subject to degradation
mechanisms in commercial PWR nuclear plants. As of June 2000, twenty-five plants have
already replaced their original steam generators. Such replacements cost on the order of $150
million per PWR unit. Even for those plants that have not yet had to replace their steam
generators, inspection, monitoring, and repair are very expensive, costing nuclear utilities several
hundred millions of dollars each year not including replacement energy costs for critical path
work activities or due to limitations imposed on the operating plants that result in reduced
capacity. Degradation of steam generator tubes has resulted from corrosion and wear, and
includes wastage, pitting, denting, SCC, fretting (wear), fatigue, and intergranular attack (IGA).
A typica PWR steam generator is shown in Figure 3-1.
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Figure 3-1: Typical PWR Steam Generator
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Effective management of the consequences of tube cracking requires (1) nondestructive
evaluation techniques to characterize the crack, (2) the ability to characterize the impact of the
degradation on the structural integrity of the tubing, and (3) the ability to adequately project the
rate of degradation so that the integrity of the tubing can be assured throughout the operating
cycle until the next inspection. The accuracy and reliability of the NDE control the degree of
conservatism that must be assumed in ng the effects of the degradation. This strongly
affects decisions to repair or replace steam generators. For example, for some types of cracking
in steam generator tubing, current NDE techniques provide a sufficiently accurate
characterization of the cracking that the NRC permits continued operation of a steam generator
in which such cracking has been detected (subject to periodic inspection). For other types of
cracking for which no NDE technique has been demonstrated to be adequate to characterize the
degradation, the only recourse is to plug or repair the tube upon detection of the crack. An
average of about 7,000 tubes per year were plugged or repaired world-wide between 1997 and
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1999. Based on the results of tube-pulls and in situ pressure tests, the vast mgjority of these
plugged tubes probably have substantial remaining margin against structural failure.

World Wide Causes of Steam Generator Tube Repair
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Figure 3-3: Percent of total steam generator tubes plugged due to various degradation
mechanisms, 1973 through 1998

If acrack is detected and it cannot be adequately characterized or if the progression of the
degradation is too rapid or unknown, the cracked tube must be repaired or plugged. Current
repair technologies (mechanical sleeving, and--more recently--electro-sleeving) are very
expensive and have not always performed reliably in the past. Plugging is costly and too much
plugging degrades the thermal performance of the plant.

The fundamental cause of many of the corrosion problems encountered in steam generatorsis
that the Alloy 600 material used for tubing was not as corrosion resistant as originally thought.
The concentration or hideout of bulk-water, low-concentration, low-volatile ionic impurities in
local crevice regions, aggravated the problem. Work to mitigate corrosion in current steam
generators (i.e., Slowing the rate of initiation or progression of the degradation) focuses on
understanding and reducing the aggressiveness of the chemistry in crevices. Industry programs
to understand the effect of bulk water chemistry on forms of degradation such as wastage and
denting have been very successful. However, the relation between bulk water chemistry and the
local crevice chemistry is extremely complex (estimates of the concentration factors in crevices
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range from 40,000 to 1,000,000), and mitigation of stress corrosion cracking by control of the
bulk water chemistry has been less successful to date.

311 Current Research on Steam Generator Reliability

Both EPRI and NRC are sponsoring research on steam generator degradation. EPRI's work
focuses on improved methods of characterizing the current condition of installed steam
generators and of predicting and controlling their future rate of degradation to minimize future
costs. Results include new and improved technology aimed at residua life management and
current steam generator reliability. Results also include collective industry knowledge which can
be used in the design, fabrication, installation, and operation of replacement, new, and advanced
LWR steam generators. The NRC program emphasi zes the assessment of current and emerging
NDE technology and the assessment of tube integrity.

EPRI's steam generator R& D is conducted by the Steam Generator Management Program
(SGMP), which provides information and technological tools for US nuclear plants to effectively
manage steam generator tube degradation, ensure steam generator operability, and reduce

mai ntenance costs associated with steam generators as original equipment or replacement units.
SGMP objectives are to further refine and apply technology developed by its ongoing R&D and
to refine guideline documents devel oped in support of the utility industry's Steam Generator
Initiative under the Nuclear Energy Institute (NEI; initiative 97-06); to develop QA program
plans and procedures for SGMP products; and to manage industry analysis efforts in the
resolution of potential severe accident issues as they relate to steam generator operation. EPRI
also performs long-term R& D in areas such as water chemistry and thermal/hydraulics that will
have significant impact on steam generator operational issues.

NRC's research program focuses on maintaining adequate safety margins for steam generator
tube integrity. NRC conducts research to address questions about the nature and effects of steam
generator tube degradation mechanisms; effectiveness and reliability of inspection techniques,
new repair techniques; and the accuracy of predictive models. Steam generator tubes account for
approximately 90 percent of the primary coolant pressure boundary, and failure of these tubes
could result in aradiation release directly to the atmosphere. NRC research improves the
Commission's and industry's understanding of the nature and effects of normal degradation
mechanisms, the effectiveness and reliability of inspection techniques being used today, and
about new repair techniques and the accuracy of predictive models. The experimenta data
provided by NRC's research program provides NRC's licensing office with technical bases for
decisions involving steam generator tube cracking behavior, the ability of cracked tubesto
withstand normal and accident loads, and the accuracy and reliability of current and advanced in-
service ingpection methods. This information is used in evauating licensee programs for
managing steam generator tube degradation and in developing generic regulatory positions on
acceptable management programs. The outcomes of NRC research relate primarily to the
performance goal of maintaining safety by providing the data and analysis tools for the licensing
office to independently confirm assessments of steam generator tube integrity.

Improved In-service Inspection and NDE. Current work provides for improved steam generator
tubing I1SI/NDE performance and the capability to detect, size, and characterize the various
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forms of mechanical and corrosion damage to steam generator tubes. This includes evaluating,
adapting and integrating various technologies, enhancing existing or current methodol ogies, and
developing new techniques. Also included is the development and maintenance of detailed
guidelines on inspection management. Among these are recommendations for inspection
sampling and expansion, inspection frequency, requirements for eddy current data analyst and
procedure qualification and performance demonstration (PD), and maintenance and updating of
the software packages for data analyst training and qualification. One focus will be on assessing
the performance of new improved tubing materials used in replacement steam generators.

Improved Steam Generator Materials Performance. Current efforts build on past work funded
through the various EPRI-managed steam generator programs since 1977 to develop an
understanding of causes and remedies for the materials-stress-environment interactions that have
resulted in substantial PWR performance |osses due to steam generator corrosion damage.
Current efforts also include addressing potential corrosion mechanisms that could affect newer
tubing materials (i.e., Alloy 690), and the potential for secondary side material degradation.
Deliverables include development of candidate corrosion inhibitors and buffers, development
and verification of flaw initiation and growth models, specifications for improved materials and
fabrication features, guidance on and specific data relative to tube-pull analyses, documentation
on the occurrence and potential causes of specific damage mechanisms, and guidance on repair
methods that impact materials performance (e.g., sleeving).

Improved and Advanced Secondary Water Chemistry Guidelines. The goal is a comprehensive
set of guidelines, water treatment schemes, software analysis packages, hardware, and processes
to control the environmental conditions on the secondary side of PWR steam generators.
Deliverables include input to the PWR secondary water chemistry guidelines, input to and
development of supporting application guidelines, alternative feedwater pH control additives,
secondary cycle chemistry management and analysis software, and sludge removal processes and
hardware.

Steam Generator Defect Specific Management (SGDSM). The objective of the current work is
to develop a methodology for and support specific utilities in establishing tube burst and leakage
correlations necessary to justify damage-specific tube plugging and repair limits. Deliverables
include damage-specific NDE techniques, data analysis and correlation development, and

devel opment and maintenance of the SGDSM database.

Steam Generator Technology Support: Status and History Databases. The current effort
provides for industry-wide steam generator performance tracking and activities related to
information exchange and technology transfer among utilities. Deliverables and milestones
include a database and annual progress report on the status of worldwide steam generator
performance and degradation progression, revision to the "Steam Generator Reference Book,"
and topica workshops and information exchange meetings.

SG Tube Thermal Hydraulics, Vibration and Fatigue Workstation Past work funded through the
various EPRI-managed steam generator programs since 1977 has been focused on developing
and validating thermal-hydraulic and flow-induced vibration codes. These codes provide for an
improved understanding of the operating in-bundle conditions and are used to predict areas of
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susceptibility to fouling and vibration damage, to analyze and understand identified T-H,
vibration and fatigue problems, and to improve the T-H and vibration design of new and
replacement SGs. The results of the current work will include validated codes, improvements to
the codes, workstation software and support of utilities in analyzing T-H, fouling, and vibration
problems.

The ongoing NEPO projects in this area are:

Project ID: 3-1

Project Title: Steam Generator NDE Test Mockup Facility

Project Description: To provide suitable test specimens and databases of NDE and
characterization results that can be used to develop improved NDE techniques and signal
analysis methods for the detection and characterization of SCC in steam generator tubing and
provide the capability to assess and demonstrate the effectiveness of such methods. A mockup
facility will be maintained where defected tubes can be placed in a setting where the artifacts
associated with real inspections, such as tube support plates, roll transitions, sludge, magnetite
and copper deposits, etc. can be simulated as realistically as possible.

Project ID: 3-2

Project Title: Advanced Eddy-Current Inspection System for Detection and Characterization of
Defects in Steam Generator Tubes

Project Description: The nuclear industry has made significant advancements in the

development of probes to detect degradation in steam generator tubing. Unfortunately, multiple

NDE techniques have been required to achieve optimum degradation detection capabilities. This

has lead to increased inspection time. An advanced array probe, consisting of up to 64 individual

eddy current coils, will be developed. Such coils can combine rapid inspection speed with high

resolution. However, they produce an enormous amount of data and hence, software tools also

need to be developed to assist in the analysis of the results.

312 Additional Steam Generator R& D Needs

Improved NDE Techniques. Improvements in the capability of NDE techniques to characterize
defectsin terms of their impact on structural integrity are critically needed. Development of
advanced NDE systems can draw upon the expertise and experience of the DOE national
laboratories, universities, and commercia firms. A variety of approaches to the development of
advanced NDE techniques for steam generator tubing can be envisioned. Because there is no
clear way a priori to identify the best approach to developing improved NDE systems, even
though EPRI has ongoing programs, the effort by DOE will be complementary, not duplicative.
NRC aso sponsors work in this area, but the emphasis of its effort is to assess the capability of
the NDE being used by industry to characterize degraded tubing rather than to develop improved
NDE technologies.

A magjor problem in the development of such techniquesis the availability of suitable test
specimens. Most conventional methods for ssimulating defects such as el ectro-discharge
machining or even laser cutting techniques produce defects that are poor simulations of the stress
corrosion cracks produced in the field. Better, but still not completely representative, cracks can
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be produced in the laboratory, but these are till very expensive and can be produced only in a
few locations that have the necessary experience and facilities. A significant portion of the effort
under NEPO Project 3.27 (described in Section 3.7), Assessment of Aging Effects on Components
and Sructures from Nuclear Power Plants will be to obtain additional degraded tubing from
actual steam generators, similar to the steam generator support plate and tubing material shown
in Figure 3-4 from McGuire Unit 1. This tubing, along with laboratory cracked tubing and other
simulated degraded tubing, needs to be maintained in a central facility accessible to al interested
parties who wish to evaluate techniques for the detection and characterization of degraded
tubing. Where feasible the degraded tubing should be placed in a setting where the artifacts
associated with real inspections can be simulated as realistically as possible. After the tubing has
been characterized by al the NDE techniques of interest, it should be characterized destructively
either by metallographic techniques or by leak or burst tests under near prototypical conditions.

Figure 3-4: McGuire Unit 1 steam generator support plate and tubing

The laboratory test facility shown in Figure 3-5 can test degraded tubing under simulated
primary and secondary conditions ranging from normal operation to those encountered in a main
steam line break. Both axial and circumferential cracks can be tested. The entire progression of
the failure from the initiation of a small leak, stable crack growth under increasing pressure, to
unstable crack growth, can be ssmulated in the facility.

Crevice Chemistry and Corrosion Additional research is needed to better understand the
relationship of the bulk water chemistry to the local crevice chemistry. The effect of critical
parameters such as bulk water chemistry, degree of crevice superheat, and crevice geometry on
crevice chemistry needs to be determined. Instrumentation capable of measuring crevice
chemistry conditions at LWR pressures and temperatures needs to be developed. Online
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corrosion monitoring systems such as electrochemical noise monitoring that may be suitable for
field implementation may provide an alternate approach to assessing crevice chemistry
conditions.

Figure 3-5: Argonne National Laboratory test facility for crack initiation
and growth testing under simulated reactor operating conditions

Improved Repair Technologies. Current repair technologies are expensive and not always
effective. Lower cost, highly reliable repair technologies for steam generator tubes are needed.

Improved Assessment of the Conseguences of Tube Leakage or Failure. In ng the
consequences of steam generator tube leaks or failure in terms of the exposure of the public to
radiation, the critical radioactive speciesisiodine. The steady state levels of iodine in reactor
coolant systems are very low, but during an accident they can increase significantly. Current
regulatory practice requires that the "spiking" factor during an accident be conservatively
estimated at 500. More realistic models suggest that the actual spiking factor is less than this,
but additional data and investigation are needed to validate these models.
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Assessment of Flow-Induced Vibrations. Although corrosion processes are the primary source
of tubing degradation, other degradation processes, such as fretting and wear primarily driven by
flow-induced vibrations, also occur in steam generators. EPRI has devel oped flow-induced
vibration codes to aid designers in the analysis of these problems. Further work on this subject is
needed to make these codes fully effective.

The high priority projects identified for FY 2001 are described below. See Volumell for
detailed description of these projects.

Project ID: 3-1 (continuation of current Project 3—1)

Project Title: Steam Generator NDE Test Mockup Facility

Project Description: Thiswork is a continuation of an ongoing effort which in its first year
focused on the development of alibrary of well characterized, laboratory generated axial,
circumferential, ID and OD cracks for use in assessing advanced NDE methods being devel oped
by DOE and EPRI. In the continuation of the project afacility in which tubes from service can
be examined will be developed. Artifacts such as tube support plates, tube sheet, magnetite and
copper deposits can be smulated in the facility. The primary focus of the work will be on the
effectiveness of NDE techniques to characterize cracks.

Project ID: 3-2 (continuation of current Project 3-2)

Project Title: Advanced Eddy-Current Inspection System for Detection and Characterization of
Defects in Steam Generator Tubes

Project Description: An advanced array probe is being developed as part of the current Project

3-2. A newly designed transmit-receive array probe has recently been introduced. Asin the case

of other array probes the quantity of the data acquired can not be efficiently analyzed in a manual

mode. Although EPRI is also developing automatic data analysis capabilities for the transmit—

receive probe, the industry requirement to use two independent methods for performing data

analysis results in the need to develop two different methods for performing automatic data

analysis. Alternate approaches may aso lead to more effective analysis of the data.

3.2 Cables

Cable systems, consisting of
cables, connections and support
systems, provide the electrical
paths for instrumentation and
control devices used for the
protection and control of a nuclear
plant, and powering of equipment
used during normal operation, and
in mitigating the effects of
accidents. A large quantity of
cable is used in a nuclear power
plant. A typical new BWR
contains ~125 miles of power

Figure3-6. Vertical Cable Tray
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cable, ~600 miles of control cable, and ~10 miles of instrumentation cable. Figure 3-6 shows the
transition from a vertical cable tray to a conduit in atypica commercial nuclear power plant,
illustrating how large numbers of cables are bundled together.

Cable insulations, fillers, and jackets are organic materials that degrade with time at stress. The
higher the stress level, the shorter the time to end of life. In nuclear plant applications, the most
common stresses causing degradation are temperature and radiation. In alimited number of
applications, these stresses can be amplified by the presence of moisture and chemicals. Cable
insulations have been chosen to be able to withstand radiation and thermal stresses for long
periods in most applications.

For safety related cables that must operate under accident environments, the insulations must be
able to withstand the rigors of normal service while retaining the ability to function through the
accident environment. These cables must be replaced prior to the point where ability to function
through an accident has been compromised. For cables important to operation, the cables must
not fail in normal service. Accordingly, means of evaluating the condition of cable during
normal service are necessary for determining the condition of plant cables, especially thosein
adverse normal environments. Additionally, more accurate models for accelerated aging of
cables in environmental qualification programs are needed. With improved accuracy of aging
models, prediction of life based on existing qualification test data can be improved.

The environments for most cables are benign and will not cause aging even during a license
renewal period. However, most plants have areas with adverse normal environments that can
lead to early deterioration. Improving the certainty of aging models used in establishing
qualified lives and improving the ability to determine the degree of degradation of cablesis
critical to assuring that cables needing replacement are replaced and cables with adequate
capability are allowed to remain in service.

For low-voltage cables, the most common degradation mode is hardening. This hardening leads
to loss of mechanical properties as polymer chains cross-link and simultaneously break into
smaller segments. The change in electrical properties during hardening is extremely subtle such
that detection by electrical meansis difficult. In most cases, degradation of electrical properties
is not identifiable until the insulation cracks and moisture enters. Detection of deterioration at
this point would be unacceptable because cables would fail in accident environments.
Accordingly, most condition monitoring techniques that are available or under devel opment
evaluate either aphysical or chemical property to determine the degree of degradation and
resdud life.

If means of distinguishing satisfactory cables from deteriorated cables are not available, plants
may have to replace large portions of their cable systems, perform additional qualification
testing, and/or develop new programs. An estimate for cable replacement was ~$80 million per
plant. Additional qualification testing for common cable materials, which can only resolve a
subset of the aging issues, is estimated to cost ~$2-5 million. Recent US Nuclear Regulatory
Commission research (i.e., program for resolution of GSI-168) indicates that re-qualification will
not result in longer qualified lives at elevated temperatures. The cost of qualification testing for
plant unique cable materials would be several times the cost of qualifying the common materials
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because many different materials were used in early U.S. nuclear plants. Because re-
qualification is expected to provide little benefit and will be expensive, cable life must be
evaluated with respect to actual service conditions. Normal environmental stresses must either
be shown to be benign, or replacement of cables must be implemented. The replacements may
be based on conservative analysis or actual physical condition. Given these two options, two
basic areas of research are necessary: development and confirmation of aging models, and
development of condition monitoring techniques. For success of this program, a cable condition
monitoring database and cable system assessment training must also be devel oped.

3.2.1 Current Research on Cables

Aging Assessment and Prediction:

Current EPRI research related to aging of nuclear power plant cables and assessment of their
condition includes a natura vs. artificial aging project and ionizable gas testing research. The
natural vs. artificial aging project is determining material-specific correlations between in-plant
natural aging and accelerated aging practices by evaluating cable samples that have been placed
in nuclear power plants for long durations. Bundles containing cable specimens were placed in
power plantsin 1985 and are periodically removed for evaluation. Vauable data on the
condition of common cable types is being developed, along with abasis for validation of aging
models.

With the development and verification of aging models and condition evaluation techniques, a
training program is necessary to provide the results in a form that is useful to plant personnel.
The training program will inform plant personnel of means of analyzing overall cable system
condition and evaluating the physical condition of cables systems by means of simple

mani pulative techniques through sophisticated condition monitoring techniques capable of
identifying residual service life.

Development of Empirical Data to Characterize Aging Degradation of Polymers Used in
Electrical Cable:

As plant-operating experience accumulates and additional research is performed, aging behaviors
that could not be predicted from early experiments and environmental quality (EQ) testing are
being identified. Figure 3-7 shows highly irradiated cables (lower right of photo) and new
cables (upper left of photo) from one of the Department of Energy Savannah River plants.
Although the insulation damage at Savannah River was more severe than expected at a
commercia plant, and most currently installed cable materials will perform their safety function
for many years, uncertainties related to long-term cable system operability and Arrhenius
methodology calculations of qualified life values are a significant engineering and regulatory
concern. A science-based understanding of polymer degradation is needed to address saf ety
concerns, and identify and resolve long-term operational issues.
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Figure 3-7: Savannah River low density polyethylene cables

Natural Aging Compared to Accelerated Aging Predictions. One funded task attempts to
compare natural aging to model predictions based on accelerated aging. Thisinvolves an
EPRI/University of Connecticut (UConn) project that was initiated in 1985 to establish a
material-specific correlation between natural (in situ) aging and accelerated aging for four
commonly used cable types.'* An additional program was initiated in 1999 in which cable
specimens are being subjected to long-term, low level thermal aging. The acceleration factor for
this program is 10 to 15 times normal rates, which is exceedingly low by comparison to the 700
to 2000 factors used in environmental qualification. This low-rate aging program will provide
long-term (e.g., end of license renewal period) aging information that will be useful in
understanding expected cable system degradation.

Plant Operational Cables - Cable samples from decommissioned plants (e.g., Y ankee Rowe),
cable replacement activities (e.g., Big Rock Point, before the August 1997 shutdown), and cable
monitoring programs (e.g., Oconee) have been and will continue to be gathered. EPRI/UConn

1 Three of the types manufactured by Okonite, BIW, and K erite have ethylene-propylene copolymer (EPR) insulation and
chlorosulfonated polyethylene (CSPE)/Hypalon jacket, and the fourth type manufactured by Rockbestos has cross-linked
polyethylene (XL PE) insulation and Neoprene jacket.
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cables are not electrically connected; however, they are in the same external environment as
plant cables.

Obtain Naturally Aged Samples. Materials from nuclear power plants and DOE facilities are
needed to cover commonly used cable materials. The Low Intensity Cobalt Array (LICA)
facility at Sandia (shown in Figure 3-8) can subject cable samples to long term radiation
exposure with electrical excitation and appropriate thermal and gas environments. As additional
materials and the corresponding environmental information are gathered, the samples will be
evaluated and data placed into the condition monitoring database.

Figure 3-8: Low Intensity Cobalt Array (LICA) for radiation and thermal aging

Confirmation and Development of Aging Models. Uncertainties related to long-term cable
system operability and Arrhenius methodology calculations of qualified life are a significant
regulatory concern. Older approaches use short-term, high temperature elongation at break data
to derive Arrhenius activation energy (Es) and then extrapolate to service conditions assuming E;
is unchanged. This task will use ultra-sensitive O, consumption (UOC) measurements at high
temperatures to show the correlation with elongation and continue the UOC measurements down
to service temperatures to quantitatively test the Arrhenius extrapolation assumption. Material/
environment-specific experiments will identify when the Arrhenius equation works and when an
alternative model is needed. Experiments will be conducted on cable materials for which the
time- and temperature- dependent elongation results already exist as well as on other newly
procured materials where elongation measurements will follow oven aging. Conclusions about
generic behaviors for important cable materials (e.g., Hypalon cable jackets) should be available,
which would significantly reduce cable issues.
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Chapter 3

Investigate Bonded Jacket Cable Failure Mechanisms. A US NRC qualification research
program for resolution of GSI-168 confirmed a failure mechanism associated with bonded jacket
cables where cracks in the jacket propagate through the insulation. The failure mechanism
relates to over aging of the bonded HypalonO jacket. When the jacket is exposed to |oss-of-
coolant accident environments (LOCAS), splitting of the jacket can occur. The split propagates
through the jacket and insulation to the conductor. Research is necessary to identify the
condition to which the jacket may be aged without causing LOCA environment induced failure.
The resulting information will alow use of the cables within existing environmental
qualifications.

Evaluation of the “Wear-out” Methodology. In this method, pieces of material that have aged for
long periods of time under ambient field conditions are subjected to an accelerated “Wear-out”
temperature to drive the material to its “failure” condition. For constant acceleration conditions
(the Arrhenius assumption), a linear relationship is predicted to occur between real time aging
exposure and the time to failure at the Wear-out temperature. A plot of this relationship alows
an estimate of material lifetime under ambient conditions, offering an aternative means of
periodically checking the predictions available from the accelerated extrapolations. The method
should be particularly useful for the many cable materials that show little evidence of damage
with aging time until they catastrophically fail (referred to as “induction-time”’ behavior), since
the Wear-out approach should transform such non-predictive behavior into linear predictive
behavior. predict remaining lifetime.

Development of Condition Monitoring (CM) Techniques and Data for Electrical Cable:

Condition monitoring can be used to ass